In the present study an attempt to clarify discrepancy between experimental and theoretical results for preference substitution of d or b indium cation sites by tin is performed. For this purpose, the density functional calculations for a number of oxidized and reduced states of ITO with different configurations for tin substituted cation sites are carried out. For reduced states the probability for tin substituents to occupy the b positions is significantly larger than the same value for the d sites. These results indicate that the more favorable occupancy of either b or d cation positions by tin substituent depends on the way of the defect formation.
Introduction
Tin-doped In 2 O 3 , also known as indium-tin oxide (ITO), is a degenerately doped semiconductor that is one of the most commonly used transparent conducting oxides. 1, 2) Its optical and electrical properties are exploited in various transparent electrode applications, including flat-panel displays, electrochromic windows, and solar cells. Although for most commercial and research purposes ITO is prepared as a thin film, the understanding of the bulk properties is important.
In 2 O 3 crystallizes in the cubic bixbyite lattice (space group Ia3) with lattice parameter a ¼ 1:0117 nm, which contains 80 atoms or 16 formula units. 3) This structure is related to 2 Â 2 Â 2 supercell of fluorite, in which 25% of all anion sites are vacant. Depending on the relative positioning of structural vacancies, two types of cation sites exist in the unit cell, termed b and d sited in Wyckoff notation as it is shown in Fig. 1 . The 8 of 32 cations occupy the centers of trigonally distorted octahedra (b positions) and others occupy the centers of tetragonally distorted octahedra (d positions). The anion vacancies provide space to accommodate excess oxygen as interstitials. The local coordination geometry around interstitial oxygen is illustrated in Fig. 2 .
Interstitial oxygen plays a crucial role in the properties of ITO because it is by removal of interstitial anion that n-type charge carriers are produced. The conductivity of ITO is critically dependent on the amount of tin doping and oxygen partial pressure (p O 2 ) during preparation and annealing. 4, 5) A direct observation of the electrical conductivity variation upon release or uptake of oxygen in ITO was reported by Omata et al.. 6, 7) Frank and Köstlin deduced a defect model of ITO from measured electrical properties. 4) At high p O 2 and medium tin-doping they postulated the existence of two types of defects that are named as ''reducible'' and ''nonreducible'' clusters depending on the ability to create charge carriers under reduction. For tin doping level up to few percent (< 3 at%, depending on the p O 2 ) a linear relationship between a density of charge carriers and tin concentration had been observed. 4) For higher tin-doping levels due to the presence of nonreducible clusters the charge carrier concentration increases at a lower rate. The local environment of tin and interstitial oxygen anions in ITO have been extensively studied both experimentally 5, [8] [9] [10] and theoretically. 5, [11] [12] [13] Rietveld refinement on powder neutron diffraction data have been performed 5, 8, 9) to obtain structural information 9, 10) which reveal a preference of tin for occupying the b rather than d sites. In a 4.5 cation % in oxidized state (tin-to-interstitial ratio equal to 2.2), Gonzalés et al. estimated the fraction of tin on b and d sites as equal to 0.118(37) and 0.018(17), respectively. For sample with tin-to-interstitial ratio equal to 6.2 the corresponding fraction of tin on b and d sites are equal to 0.131(34) and 0.018(17). 8) As it was reported in the original experimental paper, during the preparation all the samples were annealed in air. To get the reduced state some of the samples were annealed in a reducing atmosphere and air quenched to room temperature. 8) In contrast to the experimental results, recent theoretical studies demonstrate more favorable occupancies of d sites rather than b sites in oxidized state. 5, 13) During the study of the electronic band structure of ITO in the absence of nearby interstitial oxygen the energy of defect structure with stoichiometry Sn 1 In 15 O 24 was calculated to be more stable for Sn atom at b site.
14) The systematic investigation of preference for tin to substitute indium cations at b or d sites was not carried out for the reduced ITO. Warschkow et al. 13) found that in the case of Sn 2 In 30 O 49 stoichiometry, the positioning of Sn atoms at the d 1 d 1 and b 2 b 2 provide the same energy. By comparison the local geometry around the interstitial oxygen with experiment the d sites occupancy evaluated to be more preferable. The aim of present contribution is to clarify the discrepancy between the experimental and theoretical studies outlined above.
Computation Details
Periodic density functional theory (DFT) calculations using projector-augmented wave methods with the PerdewWang 91 functional 15) were performed using the ab initio total energy and molecular dynamics program VASP (Vienna ab initio simulation program).
16) The numerical parameters have been chosen to give an overall numerical error in the order of 1 meV per unit cell: the plane-wave cutoff energy was 500 eV and integrations over Brillouin zone were performed on a 4 Â 4 Â 4 k-points mesh centered on the À point in reciprocal space. All 80 atomic positions in the unit cell were relaxed by a conjugate-gradient algorithm while the unit cell shape were held fixed and equal to 1.034 nm as it was done in previous study by Warschkow et al..
13) The different combinations of b and d indium sites substitution by two tin atoms per unit cell were taken into account. Two types of structures were considered: oxidized and reduced structures, i.e. the configurations in presence or absence of interstitial oxygen. We restrict ourselves by study of structures with two tin substituents per unit cell. For the oxidized states the unit cells containing one interstitial oxygen anion were taken into consideration. On the one hand, at the higher dopant cations density in ITO the nonreducible clusters with complicated structure are formed. 4, 12) On the other hand, the structural study 8) gives a ratio of tin-tointerstitial oxygen of 2.2 for the oxidized ITO and 6.2 for the sample annealed under reducing conditions (CO/CO 2 atmosphere, p O 2 ¼ 10 À9 Pa). By this reason we focus our attention on the study of structures with stoichiometry close to the experimental value for tin-to-interstitial oxygen ratio in oxidized state.
We denote cation positions where Sn substitutes for In by their Wyckoff type (b or d), via a numeric subscript, whether located in the first or second cation coordination shell of interstitial. An additional literal superscripts is used to distinguish cations in the same coordination shell. Thus, as it is illustrated in Fig. 2 
Results and Discussion
In Table 1 we summarized the calculated and experimental 5, 8) distances between an interstitial oxygen anion in ITO and its nearest shells as well as their relative ground state energies. The corresponding defect energies for reduced states are listed in Table 2 . Defect energies are given correspondingly to the most stable oxidized (reduced) state with the same number of Sn substituents to provide an indication of the relative preference between structures of different configurations with the same stoichiometry. The calculated local geometry structures for oxidized state are in a very good agreement with the previous theoretical results. 5, 13) In contrast to these cited papers, we also took into account the d 1 b 2 O i configurations that are energy favorable and have to be considered too.
It is seen from Table 1 , the DFT modeling does not provide the exact local geometry around the interstitial 1 d 1 ) plane. The second effect of tin substitution of indium at the b 1 site is an increasing of the relative ground state energy. 13 ) By these reasons we do not consider the configurations with tin cations located at the b 1 site.
To clarify the discrepancy between theory and experiment mentioned above, we propose the following. As it is seen from Table 1 , from the energetic point of view in oxidized state it is more favorable for tin cations to substitute the indium ones at d 1 and b 2 sites. Taking into consideration the thermal conditions of sample preparation, some of the defect configurations that are energy close to the d 1 b 2b O i can have a nonvanishing propability to be realized at high temperatures about 800-1350 C (0.07-0.12 eV). 5) At lower temperature these defects are thermodynamically metastable relatively the most energy favorable one and can exist due to extremally low tin cations mobility. The energetics of these states should provide an approximately equal occupancy of d 1 and b 2 sites by tin. A significant shift for probability to occupy b sites by tin may occur due to the kinetics of the sample oxidation. Since all experimentally investigated samples were prepared in air, there are two ways to get an oxidized state of ITO:
. to create an oxidized defect during the ITO crystal formation;
. the ITO crystal forms as reduced one and then becomes oxidized due to the external conditions. The first alternative is already considered in Table 1 and Ref. 13 ) and gives results that are in disagreement with experiment.
To study the second alternative, the ground state energies for the reduced states were studied. The calculated relative energies are summarized in Table 2 . It is seen that in this case the most favorable structures are the b 2 b 2 and d 1a b 2b . In contrast to the oxidized states, the probability to substitute the indium cation by tin is shifted towards to the b 2 sites occupancy. Consideration together of both values of the reduced states ground state energies and the defect formation energies 11) Summarizing the results for the relative energies presented in Tables 1 and 2 , we offer the following scheme for the ITO's defect formation. As it was described in the Refs. 5, 8) , all samples were prepared by sintering of In 2 O 3 and SnO 2 powders with following annealing in air. All differences between the examined samples are caused by the following annealing in the reduction atmospheres at different conditions. Therefore the defect formation may go by two steps. At the first one the reduced state is formed by sintering the mix of indium and tin oxides. According to the results in Table 2 In summary, there are two possible origins for Sn atoms to substitute the d sites. The first one is just described and consists in the nonzero probability to realize the reduced states with presence of tin at d sites. These states are metastable in the reduced ITO and become thermodynamically stable after oxidation. The second one is an opportunity for tin dopant and excess oxygen to form the oxidized sample during the sintering of the indium and tin oxides. In this case the ITO sample should be formed as oxidized with approximately the equal occupancy of the b and d sites by tin. Since the experimental structural data demonstrate more preferable b-sites occupancy during the ITO preparation in air, this is an evidence that the defect formation goes by the first way.
Conclusions
In the present study an attempt to clarify discrepancy between experimental and theoretical results for preference substitution of d or b indium cation sites by tin was performed. For this purpose, the density functional calculations for a number of oxidized and reduced states of ITO with different configurations for tin substituted cation sites were carried out. Comparing the calculated and experimental distances between the interstitial oxygen and its nearest 
